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Abstract 
Auger electron spectroscopy analysis of a potasflum doped iron catalyst 
supported on aluminum oxide is discussed. Results show that sulfur readily 
·adsorbs onto surf.ace iron sites·, while it ·is not reactive with aluminum oxide 
sites. The results do not clearly indicate sulfur's interac.tion with 
potassium, al~hough they do suggest that sulfu~ does bond to potassium. 
Sur-face impurities were !l major difficulty encountered. 
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Introduction 
. . . 
Catalysts are used in the production of various industrial products. One 
drawback of catalytic operations is the need to replace catalysts which have 
become inactive.. This is economically unfavorable, as it requires purchase of 
fresh caialyst, or rege~eration of the spent catalyst, plant shut-down time, 
and manpower. ·Therefore, extending the -life. of a catalyst is extremely 
favorable. 
·sulfur is considered one of the most severe poiso~s of metallic 
catalysts. As little as 1~5 mg S/1 Fe can render a metal catalyst inactive 
(Anderson, et al., 1963). Since synthesis gas produced from coal contains 
significant amounts of sulfur compounds, processes which convert synthesis gas 
into fuels and chemicals are especially af.fected by sulfur poisoning. 
Reducing the degrte of sulfur poisoning ·in such operations is of key 
importance. 
Two specific processes which are affected by this problem are Fi'scher-
Tropsch synthesis and ammonia synthesis. Both processes use an alkali 
promoted iron ca·talys~. Thermodynamics show that the reaction of sulfur with 
the iron, as well as the alkali (potassium), is favorable at reaction 
conditions (Stenger,1984). However, the kinetics of such reactions are not 
well understood. 
Sulfur poisoning as it affects Fischer-Tropsch synthesis is especially 
interesting, as previous papers have reported that it is a selective poison. 
Selective poisoning occurs when small quantities of the poison produce desired 
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~ffects, under certain con_ditions. A review paper by Madon and Shaw (1977) 
cites a numbe_r of inve.st.igations t}:iat found small quantit·ies of sulfur to 
alter the se.lectivity of Fischer-Tropsch reactions. --Anderson, et al. (1963) 
reported an increase in the activity of Fischer-Tropsch catalysts when stilfur 
was initially added. Stenger and Satterfield (1984) observed a similiar 
increase in a~tivity on a fused iron catalyst with a sulfur loading of 1.3 mg 
S/g Fe. Higher loadings reversed these favorable effects, eventually 
completely poisoning the catalyst and rendering it inactive. 
The presence of pQtassium also ~nhances the effectiveness of Fischer-
Tropsch catalysts. Work· done by Arakawa and Bell (1983) shows· that the 
addition of potassium to an- iron catalyst increases the olefin to paraffin 
ratio and increases the molecular weight of the Fischer-Tropsch products. 
Other works, such as that of Anderson, et al. (1965), have show that potassium 
not only increases the activity .of iron catalysts, but also increases the 
resistance of these catalysts to sulfur poisoning~ 
Interpretation of the effects of potassium promoters have been put forth. 
Dry, et al. (1969) suggested that potassium donates electrons to neighboring 
h:on atoms. In th.is way, it .aids carbon monoxide adsorption (since carbon 
monoxide tends to draw electrons) but hinders hydrogen adsorption ·cs ince 
hydrogen acts as an electron dona tor). Later, Olive and Olive (19.81) 
suggested a different .mechanism to explain :potassium's promotional effects. 
They suggest that when carbon monoxide bonds to an iron site, nearby potassium 
will associate itself with the oxygen of the carbon monoxide. This 
association aids. CO fosertion reactions. 
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Both of these· proposed mechanisms require that potassium be free so that 
it can either donate el~ctrons to the system or actually bond with reactant. 
If the potass·ium becomes bonded with sulfur, such prfflllotional. effects would be 
expected to diminish. On the other hand, if the sulfur only bonds to iron 
sites, the ratio of potassiu.m to iron would ipcre.ase and on:e would expect 
potassium's effects on selectivity to become even greater, although the 
activity would decrease. Experimental data however, is conflicting in this 
area • 
. Layng (1948) reported that low concentrations of hydrogen sulfide, 
introduced to the feed stream, increase_d the production of liquid hydrocarbons 
and ole.fins over an iron cataiyst promoted with potassium and aluminum oxide. 
These are the same t~ends as those reporte4 by Arakawa and Bell (1983) as 
potassium promotional effects. Electron probe studies of an iron ammonia 
synthesis catalyst promoted with aluminum oxide, calcium oxide and potassium 
oxide reported by Chen and Anderson (1973) found little slilf.ur in areas of 
high potassium concentration. Both investigations suggest that adsorption of 
sulfur onto iron sites is favored over adsorption onto potassium sites. 
Chem1sorption studies by Anderson, et al. (1964), however, indicated that 
sulfur adsorbed onto both iron and potassium sites. They also reported that 
potassium improved the iron catalyst's. resistance to poisoning about fivefol4, 
suggesting that sulfur favors adsorption onto .Potassium., leaving iron s.ites 
open for the desired r&actions. 
Although work has been done to determine basic characteristics of 
potassium doped iron catalysts and the effects of sulfur on such catalysts·, 
further work is clearly necessary in this area. Knowledge of the surface 
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sites to which sulf~r bonds would certainly aid in understanding the 
interactions taking place on the surface .between the metal, a1kal i, and 
poisoning agent. 
The objective of this work is· to study sulfur poisoning of a potassium 
promoted iron catalyst supported on aluminum oxide. The catalyst will be 
poisoned with hydrogen sulfide, after it has been reduced. Auger electron 
spectroscopy will then be employed in order to analyse the surface of the 
catalyst and determine onto which sites the sulfur is adsorbing. It ~s hoped 
that this information will aid in understanding the mechanism by w~ich sulfur 
poiso:µs alkali promoted iron-based catalysts. 
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Experimental 
A. Apparatus 
Figure 1 illustrates the -apparatus used to reduce and poison the 
catalyst. (The numbers in parenthesis tha.t follow refer to the numbers in 
Figure 1.) The microreactor (12·) Hself consists of a Swagelok union, flanked 
on both ends by fine wire mesh, so as to contain the powdered catalyst within 
(See Figure la~). The reactor has a .41 inch inside diameter and a length of 
.22 inches, giving it a volume of .029 cubic inches ( .48 cc.). A thermocouple 
extends through the wall of the union to the center of the reaction chamber. 
The reactor, as well as 7 inches of tubing preceeding it and 5 inches of 
tubing following it, sits encased in a Linberg tubular furnace (type 55035-
A) (ll). A power regulator (13) is connected to the furnace, serving as a 
temperature regulator. A temperature controller is also available for this 
purpose. Temperature readings are dispJayed on an Analog Devices digital 
thermometer (10), connected to the thermocouple. 
Upstream of the reactor is a gas cylin·der (1) containing extra dry grade 
hydrogen during reduction runs and 2% hydrogen sulfide in hydrogen 
(uncertified -grade) during ~oisoning, Gases were prepared by Union Carbide 
Corporation. A. rotameter (4) prec.eeds the reactor in order to regulate flow, 
as does a· pressure gauge (7) to monitor system pressure. System flow rates 
lire determined using a soap film bubble flow meter (18), located downstream of 
the reactor. 
In order to easily remove the reactor from the system and at the same 
. il 
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Fig. 1. . Reduction and Poisoning Apparatus. 
1) gas 2) gas regulator J) needle valve 4) 
rotame.ter 5)&16) vent valv.es~·6)&+7) vents 
7) pressure gauge 8)&15) quick connects 9) 
&14) reactor isolating valves 10) digital 
thermometer 11) furnace 12) microreactor 
1J) power regulator 18) soap film bubble 
flow meter 
- 18 
12 
3 
Fig. 1a. Crossection of lV'licroreactor 
1) reaction chambe~ 2) fine wire mesh 
J) thermocouple. 
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time keep it from coming in ~ontact with the atmosphere, valves (9,14) and 
quick-connects (8,15) flank the microreactor o,n bo.th sides. Also found both 
upstream and downstream of the reactor are vents ·(61".17). Finally, the tubing 
used throughout the system is 1/ 4 inch stainless steel. 
Analysis of the surface. of the· catalyst is. accomplished using an Auger 
electron spectrometer (AES) by Physical Electr.onics. Industries, Inc. (Model 
0 
548). Typical analysis depth is of the order of 10 A. The electron beam 
diametet at the specimen is less than 100 microns. 
B. Reagents 
The catalyst is prepared using the method described by Arakawa and Bell 
(1983-). The catalyst is a pota-ssium doped i:r;on catalyst supported on aluminum 
oxide. Approximate weight percents of fhe materials in the catalyst are as 
follows: 2~ iron, .15% potassium:. and 78.85% aJuminum oxide. The starting 
materials used in the catalyst prepara tiqn are as fol lows: 99. 97 wt% ferric 
nitrate, hydrated and 99.99 wt% potassium nitrate (Fischer Scientific 
Company), and 99 wt% aluminum oxide (Alddch Chemic·al Company, Inc.). The 
exact procedure for preparation of the catalyst can be found in Appe.ndix L 
C. Procedure 
The catalyst was reduced in hyd+ogen at 400C and 1 atm. at a flow rate of 
approximately 40· cc/min. f9r 6 hrs. and 24 hrs. These samples were analysed 
by Chester Barry (1984) using Mossbauer spectroscopy to determine the extent 
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of reduction. In both the.se runs, as well as in subsequent poisoning runs, 
the reaction chamber was c_ompletely filled with·catalyst, about .51 g. 
Five poisoning runs were carried· out. The catalyst was first r.educed at 
the above conditions for 8 hrs. and then poisoned using 2% hydroge·n sulfide in 
hydrogen at 250C, 1 atm. and a flowrate of about 10 cc/min. Poisoning times 
varied for each run. Times used were 5 min., 15 min., 30 min., 4·5 min., and. 1 
hr. Each of the poisoned samples, along with the 24 hr. reduction sample, 
1i'ere analysed using Auger electron spectroscopy. At all times the samples 
were kept in an oxygen-free environment in order to minimize re-oxidation. 
The comp_lete procedure for reducing and poisoning the cata1yst is listed in 
Ap.pendix 1, as is the basic procedure .for preparing samples for AES. 
Analysis of the samples employed various AES techniques, as oufl ined 
below: 
- Auger electron spectrum. The instrument focuses on one point on the 
surf ace and scans energys of O ey to 2000 eV. A· g.raph of the 
derivative of the signal versus kinetic energy is plotted. 
Comparison of the graph with handbook spectra yields the identity of 
the elements found at that p~rticular surface !~cation. 
- Line scans. The instrument is set to a specific energy and made to 
pass over a line on the surface of the sample. The graph which 
results is an· indication of points of high and l~w surface 
concentration of the element that emits ele.ctrons at the cliosen 
energy·. 
- Auger maps. The instrument is set to a specific energy and made to 
pass over a region of the sample's surface. The picture that 
results. indicates points of high and low surface concentration of 
the selected element by light and dark spots, respectively. 
Secondary electr9n dis tributi<;>n {SED) imag~. The instrument 
produces a picture of the sample, analogous to the type of picture 
that ·would be formed by optics. This image highlights surfac.e 
topography. 
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Results 
The catalyst was reduced with hydrogen at 400C, ':atmospheric pressure, and 
a flow rate of about 40 cc/min. Two runs were· made, one for six hours and the 
other for twenty four, After reduction; the samples were placed in air-tight 
sample holders under. an ~rgon atmosphere in order to prevent re-oxi'da tion. 
Mossbauer an·alysis of both samples was performed by Chester Barry (1984) and 
indicated that the 6 hr. run htd reduced the cat~lyst to the same extent ~s 
the 24 hr. run. As. a result of these findings, an 8 hr. reduction time was 
selected for all subsequent reactions and the catalyst was considered 
••completely reduced 11 • 
After reducing with hydrogen for 8 hrs., the catalyst was poisoned. 
Poisoning wa'S accomplished using 2% hydrogen sulfide in hydrogen at 250C, 1 
atm., and a flow rate of about 10 cc/min. Five runs were made: 5 min., 15 
min., 30 min., 45 min., and 1 hr. During these runs 9i3 mg S/g Fe, 23.95 mg 
S/g Fe, 45.85 mg S/g Fe, 65.93 mg S/g Fe and 85.27 mg S/g Fe, respectively, 
pa.ssed over the catalyst. Each ·sample was th.en analysed using Auger electron 
spectroscopy (A~S). Again, the samples were kept in an oxygen-free 
environment. 
Auger electron spectr.a were taken of various points on the sample. (See 
Figure 2.) Relative atomic concentration of the elements found on a spectrum 
was ac~omplished by measuring the peak to peak heights and correcting these 
with the appropriate -sensitivity factors. (See Appendix 2 for calculations.) 
Table 1 lists the valu•s found. 
16 
Table 1. Relative Atomic Yercents of Elements 
1 ~elative Atomic .Percents Ratios 
n\.l Sample Fe X Al I S o: C Na Ca Cl S:Fe OrAl 
\1 
.1 24 hr. red. ..11 • 9 - .13 .1 \1. 8 l 7. 6 44.a...~ 9 .1' 5 . .3 . 77 - 1. .34 
2 24 hr· • .r~·d. 15.8 - 48.0 - 27.2 .3.7 4.4 .88 - - .57 
·3 24 hr. red. 26.7 4 .. o 35.0 .39 25.7 2.8 5.1 - .27 - .734 
4 43.8 5.0 :1.3.0 .38 25.4 4.6 6.2 1,1 .48 - :1 .95 24 hr. red. 
5 j 8 .. 2 -- 3'.1 • 6 - 30. 8 8. 4 8. 1 1 . 4 1 . 5 - . 97 5 24 hr. red. 
6 36.7 - 25.1 - 28.1 5.:1 4~j .80 .., - 1.12 24 hr. red .. 
7 38 . .3 - 27 . .3 - 25·,9 · 6 . .3 - j .2 .89 - .949 24 hr. red, 
8 ·5 min. poison 21.9 - - 7.8 24.6 36.4 5.4 3.4 .51 .356 -
9 5 min. poison 27 . .3 - j9,7 15.:1 28.o ·6~3 .3.6 - - .552 1.42 
jO 5 min. poison 22.7 - 27.5 12 . .3 22.6 9.7 4.o .54 ,79 .54 .82 
:11 5 min. po~son 21 .4 2.0 _40.5 :·§11 20.5 4.o 6.7 - - .2.38 .506 
12 5 min. poison 40.7 .55 29.0. l4~2 1.3.5. 10,7 - - - . .349 .466 
:13 5 min. poison 17.1 - j.39~8. 2 •. 5,27.5 6.1 7.0 - - .146 .69 
14 5 min. poison .15.a - .38.5 6.7 18.6 l6.2 4.~ - - .428 .48.3 
15 5 min. poison 16.2 - .39.2 9,9 19,.3 10,7 4.1 .56 - ·.608 .492 
:16 5 min. poison 26.4 ~48 17.0 ,.3.8j26.5 8.9 6.4 - .56 .523 1.56 
:b7 5 min. poison 8.5 - 57,2 1..3 2:1.7 7,2 ·4.'.l - - . 1 49 .379 
)8 5 min. poison .33.0 - I - 14.0 21,2 22.6 9.1 - - .424 -
j9 5 ·min. poison J0.2 .86 25 . .3 1j.7 17.0 9.1 3,9 - - .454 .672 
~o 5 min. poison 20.9 - 20.6 7.6 29.4 14.2 4.7 - 2.6 .366 '.1 .4.3 
" :t1 15 min. poison 23.9 1.4 43.6 9.j :,5.2 7,'.1 - - - ,384 . .350 
!t2 ~5 min. poison 21.6· - 22.4 12.6 ~o.4 15.9 7.0 - - .584 .911 
t.3 ,5 min. poison 7·.8 - 59.7 · 5~1 :1·7.5 9.8 ~ - - .658 .293 
l 
;,24 15 min. poison 
:i25 l30 min. poison 
.~ 
~ 6 30 min. poison 
···, . 
,..~ 7 30 min. poison 
28' ~5 min. poison 
:~9 j hr. poison 
:,.1 
:10.1 - 50.5 .3 . .3 2:i.:i :10.:3 4.8 - - . 323 . 4:i 7 
29.9 - 19.0 :17 . .3 :17.8 12.2 3.7 - - .580 ,9.391 
.30.7 - 16.1 '.14.6 26.9 8.4 .3.3 -
2.6 - 66 . .3 :1 .7 24.J _4.o - :1 .:1 . 658 . 366 
.32.5 .49 19.4 1:1~4 ]4.6. ~7.3 2.1 . 7.3· - ,352 ,75 
'.19,8 - 11.9 :JO.] 27,9 2.3,5 6.2 .59 - .51:1 2.3.3 
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To supplement the spectra, secondary elec.tron distribution (SED) images 
were recorded, as were ·Auger maps. The SEO images produced a picture of the 
particles, highlighting the topography of the samplerwhile the maps indicated 
point~ of high and low concentration of the specified element. Combining 
these two techniques, surface· features and elf;lmental concentration could be 
compared. Line scans of iron, potassium, aluminum, and sulfur were taken over 
~ region of the 15 min. poisoned sample to further indicate relationships 
between elemental concentrations. 
Analysis of the samples revealed basic surface characteristics of the 
cat.alyst. Iron was found at all points analysed, and aluminum at. all but two 
points,indicating that these elements exist to some degree ·almost everywhere 
on the surfa~e~ Potassium, however, only showed up on ei_ght of the thirty 
points, and here only in small concentrations. 
All of the spectra detected. impurities in the sample. At a 1 mos t a 11 
points, sodium was found. Traces of calcium and chlorine were also found., 
although not as frequently. These impurities probably came from the water 
used in the catalyst preparation, Carbon was present on every spectrum, 
sometimes in trace amounts, although quite often in high percentages, the 
highest at 44.9 at,%. The da:ta for the 24 hr. redqction sample shows the 
presence of trace amounts of sulfur in three o.f the seven points· analysed. 
Since hydrogen sulfide was not yet introduced to the system, it can only be 
as-s.umed that this is yet another impurity. 
As stated above, only eight of the thirty points detected potassium, and 
.these at an average concentration of only 1. 8 at.%. This low finding may be 
; 18 
i 
:.~ 
due to two things: 1) The potassium, at a bulk concentration of .15 wt.%, may 
not have segregate~ to the surface, or 2) th~ carbon, whose Auger peak lies 
right next to the potassium peak, .may have masked,.,.the potassi:nm. A closer 
look at the points that do show potassium, also show carbon at a relatively 
low concentration (10.7 at.% or less). We might then -speculate that other 
points of low carbon c;:oncentratfon that· indicate the absence of potassium are 
correct. However, those points with high catbon concentration .are 
questionable as to whether potassium is presen_t or not, since the carbon peak 
may be masking the potassium peak •. 
Jince potassium is found in such low concentration on the srirface, it is 
difficult to draw conclusions about the interaction of potassium and sulfur. 
However, it can fairly confidently be conciuded that the sulfur is adsorbing 
on the iron surface but that it is not attracted to the aluminum oxide, Four 
of the sp~ctra (point~ 17,23i24,27 of Table 1) indicate iron concentrations of 
less than 10.2 at.%. These points also have correspondingly high 
concentrations of aluminum, indicating the presence of aluminum oxide. The 
aluminum concentrations at these points ~re )50 at.%. In each case, the 
_corresponding s·ulfur concentr~tion is Jow,. ranging from 1.-3 at.% to 5.1 at.%, 
all of which are lower than 9.44 at.%, the avetage sulfur concentration found 
over all points. This clearly indicates that the sulfur is preferentially 
adsorb fog on the iron and not on the al"uminum oxide. Also, a ratio of the 
S:Fe atomic concentrations was taken for each poisoned sample. Values ranged 
from .146 to .658 with an average of .442. Checking the table for points with 
high aluminum concentration 050 at.%), S:Fe ratios as low as .149 and a:s high 
J s • 6 5 8 a re found. This suggests that in addition to sulfur not readily 
bonding to the aluminum oxide, the presence of aluminum oxide near an iron 
19 
site doe~ not affect sulfur adsorption onto that iron site. 
Scanning the concentration of sulfur down the table, we see that overall 
the sulfur concentration does not seem to increase as the poisoning time 
increases. Likewise, the S:Fe ratio does not increase with poisoning time, 
This suggests that after 5 min. of poisoning (the lowest poisoning time), the 
surface of the reduced catalyst was already fully poisoned. The wide range of 
S:Fe ratios (.146 to .658) reported .is surprizing. It is not clear as to why 
such a wid~ distribution should exi~t. 
One important point that should be noted concerning the relative atomic 
percents listed in Table 1 is that they were calculated without the use of 
standards, completely relative to other peak heights on the same spectrum, and 
usirig a mathematical method that assumes the surface is flat and homogeneous. 
Therefore, the percents should not be taken as absolute. Rather, they are 
merely an indication of the approximate quantities found in a given spot, 
Through this ·quantification of the data, basic trends can be spot.ted, as has 
been done in this section. To do moi:e is to assume too much information from 
the data presented. One clear indication of the crudeness of this meth~d is 
seen in the O:Al a"tomic ratio, listed in Table 1. Theoretically, the O:Al 
ratio· should be 1.5, that of aluminum oxide. Any ratio higher than this 
indicates the presence of other oxides, a possibility in this system. Any 
ratio less than 1.5 ~uggests that the aluminum oxide decomposed so that each 
, aluminum atom is on the average attached to less than l.5 oxygen atoms. 
, Although some decomposition is possible, it is un°likely that the decomposition 
I would b~ so great as to allow for ratios as low as .350, as indicated by poirit 
,, 
j21 in Table 1. It is more likely that topographic and matrix effects have 
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: distorted the peak heights. If this is true, and i{ the distortions are great 
"'''" 
~· 
., 
enough, it is possible that the trends listed above are also hlse. However, 
examination of the Auger maps and line scans would i1J,dicate otherwise. 
Auger maps of the 5 min. and 15 min. poisoned samples show good 
correlation between the iron and sulfur, with areas of high sulfur 
concentration corresponding to high iron concentrations. (See Figure 3.) The 
line scans of the 15 min. poisoned sa!Dple are probably even more dramatic. 
Figure 4 shows line scans for iron, sulfur, potassium, and aluminum over the 
same region. The correlation between· iron and sulfur is quite clear. Since 
the aluminum is generally evenly dispersed .in this section, a correlation here 
is difficult. However, ~ome postulations as to the relationship bet~een 
sulfur and potassium can be made. Note poi_nts l and 2 as marked in Figure 4. 
At these points the iron concentration is relatively low, while the potassium 
concentration rises s-lightly. Correspondingly, the. sulfur concentration also 
risesj indicating that sulfur does indeed adsorb orito potassium sites • 
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Fig. 2. Auger Electron Spectra 
Spectra are of points on the 5 min. poison sample, 
as marked on the SED image in Fig. J. The points 
also correspond to the point numbers in Table 1. 
b 
C 
Fig. 3, :sED Image and Auger Maps 
Each picture represents the same region on 
the 5 min. poison sample: a) SED image, b) 
map of Fe, c) map of S. In b) &: c), the 
light regions represent high concentration 
of the element. The spectra of the points 
marked in a) are shown in Fig. 2. 
Fe 
t~ 
V 
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Fig. 4. Line Scans 
Scans are over the same 
line on the 15 min~ poison 
sample. 
I· 
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£onclusions and Significance 
The objective of this work was to determine onto which sites of a 
Fischer-Tropsch type catalyst sulfur will adsorb_. To accomplish this 
objective, a potassium promoted iron catalyst supported on aluminum oxide was 
first reduced in hydrogen and then poisoned with )lydroge~ sulfide. The 
surface of the catalyst was ne·xt analysed using Auger electron spectroscopy 
(AES). Auger electron spectra, line scans, Auger maps, and secondary electron 
distribution images were taken of. various locations on the catalyst surface. 
Five poisoning runs, ranging from S min. to 1 ht., were exe·cuted. Since 
the average amount of sulfur found on the surface did not increase with 
poisoning time, the surface of the catalyst must have been: completely poisoned 
after only 5 min. Therefore, all the data· presented r~flects the state of a 
completely poisoned. catalyst. The data bear no relevance to the state of the 
catalyst's surface during partial poisoning, when selective poisoning (ie., 
favor.able changes in activity and·/or selectivity ) is observed. Further 
studies of this kind should, consequently, study lower sulfur loadings. 
The data shows that sulfur c !early bonds to iron sites, as previously 
reported by Chen and. Anderson (197.3). However, sulfu~ is not :re.active with 
aluminum oxide surfaces. Further, the presence of aluminum oxide near an iron 
site does not appear to hinder or aid in the adsorption of sulfur onto that 
·,site. It appears, then, from this data, that aluminum oxide does not directly 
\ affect the tolerence of the catalyst to sulfur ·poisoning. Indirectly however, 
I 
it may aid in the catalyst's resistance by stabilizing the surface, as 
,, 
·. suggested by Madon and Shaw (1977). 
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Conclusions and Significance 
The objective of this work was to determine onto which sites of a 
Fischer-Tropsch type catalyst sulfur y;ill adsorb. To accompl i_sh this 
objective; a potassium promoted iron catalyst supported on aluminum oxide was 
first reduced in hydrogen and then poisoned with hydrogen sulfide. The 
surface of the cataiyst was next analysed using Auger electron spectroscopy 
(AES). Auger electron spectra, line scans, Auger maps, and secondary electron 
distribution images were taken of various locations on the catalyst surface. 
Five poisoning runs, ranging from 5 min~ to 1 hr., were executed. Since 
the average amount of sulfur found on the surface did not increase with 
poisoning time, the 
after only 5 min. 
completely poisone.d 
surface of 
Therefore, 
catalyst. 
the 
all 
The 
catalyst must have been co·11:1pletely poisoned 
the data presented reflects the state of a 
data bear no relevance to the state of the 
catalyst's surface during partial poisoning, when selective poisoning ( ie., 
favorable changes in activity and/ or selectivity ) is observed. 
studies of this kind should, consequently, study loweJ.". sulful' load"ings. 
Further 
The data shows that sulfur clearly bonds to iron sites, as previously 
reported by Chen and Ande~son (1973). However, sulfur is not reactive with 
aluminum oxide surfaces. Further, the presence 9f aluminum oxide near an iron 
site does not appear to hinder or aid in the adsorption of sulfur onto that 
site. It appears, then, from this data, that aluminum oxide does not directly 
affect the tolerence of the catalyst to sulfur poisoning. Indirectly however, 
it may aid in the catalyst's resistance by stabili:dng ·the surface, as 
suggested by Madon and Shaw (1977). 
__ : 
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Since potassium was found in very low quantities on the surface, it i's 
difficult to make a definite conclusion about Hs role. Hc;>:wever, the data at 
least suggest that sulfur. does adsorb onto potaSsiuir sites. This finding is 
in agreement with chemisorption studies performed by Anderson, et al. (1964), 
but disagrees with the work of Chen. and Anderson (1973). Chen and Anderson 
(1973) studied an iron ammonia synthesis catalyst promoted with aluminum 
oxide, calcium oxide, and potassium oxide. In areas where the. potassium 
content was high, they reported low sulfur concentrations. 
electron probe studies were employed, rather than AES. 
Several problems were encountered in this work. 
In their work, 
First, although 
distilled water was ~sed during catalyst preparation, sodium, calcium, 
chlorine, and sulfur impurities were found in the catalyst. Since small 
amounts of potassium are known to _affect the reaction characteristics of the 
catalyst, some or all of these impurities may have likewise affected this 
catalyst, thereby distorting the data obtained. Carbon was also found, 
sometimes in large qua~tities. It is suspected however, that carbon is not an 
impurity of the catalyst. Rather, during sample preparation for AES, it is 
possible that the surface of the indium foil, upon which the catalyst 
particles were placed, was contaminated with carbon-containing compounds and 
therefore contaminated the catalyst. This was a very adverse occurr.ence, as 
the carbon peak, at 272 eV, could easily mask the potassium peak (252 eV), 
especially when carbon is in high concentration. 
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Recommendations fpr Future Work 
A. Introduction 
Synthesis gas produced from coal c.ontains sulfur impurities. This sulfur 
severely poisons Fischer-Tropsch ca.talysts which are used to conver-t synthesis 
gas into fuels. Due to the economic drawbacks associated with replacement of 
poisoned catalysts-, it is imperative that research be conducted to improve the 
catalyst's resistance to poisoning. 
Sulfur poisoning as it affects Fischer-Tropsch synthesis fs especially 
interesting since previous papers have reported that it is~ selective poison. 
Selective poisoning occurs when small quantities of the poison produce desired 
effects. For example, Layng (1948) reported that low concentrations of 
hydrogen sulfide, introduced to the feed strea~, inc.reased the production of 
liquid hydrocarbons and olefins over an iron catalyst promoted with potassium 
and aluminum oxide. Anderson, et al. (1963) reported an increase in the 
activity of Fischer-Tropsch catalysts when sulfur is init.ially added. Stenger 
and Satterfield (1984) observed a similiar increase in activity on a fused 
iron catalyst with~ sulfur loading of 1.3 mg S/g Fe. Higher loadings reverse 
these favorable effects, eventually compJetely poisoning the catalyst. 
A variety of studies on the effects of sulfur poisoning of· Fischer-
Tropsch catalysts have ·been conducted. However, in a. recent review paper~ 
Bartholomew, et al. (1982) founcl that most of the experimental work done in 
this area contains comp le.xi ties which cloud basic understanding of sulfur's 
interaction with the catilyst. Bartholomew, et al. (1982) then sugg~st ways 
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to eliminate these problems: 
.:,.. 
"To enabh quantitaUve determination of rates of sulfur deactivation, of 
extents of sulfur deactivation at very low gas~phase sulfur concentrations, of 
true dynamic equilibrium between gas""".phase sulfur concentration and metal 
surface, and/ or of the amount of sulfur adsorbed on the surface, the following 
requirements must be satisfied in the design of experimental apparatus: 
(1) The reactor must be gradientle.ss with respect to reactant(s) and to 
gas-phase sulfur concentration so that all parts of the catalyst are exposed 
to the same gas-phase sulfur concentration. Even a shallow bed of catalyst 
operated at very low conversi9n of reactant(s) i.s not necessarily gradientless 
with respect to sulfur becaul!e of the very strong, nonuniform adsorption of 
sulfur on metals. 
(2) All surface metal atoms must be exposed to the same gas-phase 
concentrations of sulfur-containing compound and reactants. Because of the 
very strong adsorption of sulfur, metal atoms at a short distance into the 
pore of a pororis catalyst will not experience .the same concentration of sulfur 
as the metal atoms near the pore mouth or on the exterior surface of the 
catalyst. 
(3) The reactor should neither adsorb nor desorb sulfur in quantities 
which are significant compared to adsorption on the catalyst nor in such a 
manner as to decrease or increase the gas-phase ~oncentration. 
(4) The feed-gas compositfon must be carefully controlled and gas-phase 
28 
sulfur compound oonotntratia11 11 low aa 10 ppb or 1011 must be reproducibly 
prepared. 
(5) On-lint analytloal hutru11ont1 must be capable of quantitatively 
meuurina 111-pba II aultur oonoontra tions as low as 5 ppb and of 
quantitatively m111urln1 rtaotanta and products for the reaction under study 
. . " for a broad r1n11 of oonoentrationa. 
One eumph ot an uporimental design that closely fits these 
requirement, h the 1y1ti11 UIO by Fitzharria, Katz.er and Manogue (1982) for 
studies on a nioktl m1th1n1tion oatalyat. A cont inuous~flow stirred-tank 
reactor (CSTR) and o1t1Iy1t prepared on a nonporous support were used to 
eliminate 111 dHfu1jonal problom1, In ad'dition, the reactor was quartz arid 
all lines were ttflon or 1h11, to minimize sulfur inteuction with the system 
walls. Also 1v1iI1bl1 w11 1 111 chromatoaraph for analysis of the •ffluent. 
E1perfmentl were conductod by ulina a feed of hydrogen, carbon monoxide 
and hydroJeD nl fide, The behavior of tho system was monitored by analysis of 
the efflueat. Both tr1D1itnt and s toady-•ta to oondit ions we re observed. For 
each teed 1trea11 concentration of hydroaon sulfide studied, the activity 
chanaed uatU it finally leveled out at some activity lower than the initial 
' catalylt ac:UvHy, 1'bh ltvthd-o!f aotivity indicated the equilibrium state 
of tu 11•t•• tor tbat partioular food stream sulfur ,;:oncentration. The 
eqalHbdu aeHvHy wu toun.d to docroau with incroau in hydrogen .sulfide 
feed eouetJtJ'at.ioD, Aho, if tho bydl.'01on aulfide concentration in the feed 
••• 10fleJ'e4 after 111 equUil:>rhHJ 1tito wu aohioved, the activity fncreased 
•a•l•, Tilt• laplitt that th• 01t1Jy1t oould be reaenoratod. 
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Recommendations for Future Work 
A. Introduction 
Synthesis gas produced from coal contains sulfur impurities. This sulfur 
severely poisons Fischer-Tropsch catalysts which are used to convert synthes·is 
gas into f~els. Due to the economic drawbacks as,ociated with replacement of 
poisoned catalysts, it is imperative that research be conducted to improve the 
catalyst's resistance to poisoning~ 
Sulfur poisoning as ii affe~ts Fischer-'.fropsch synthesis is especially 
i_~.~eresti'ng since previous papers have reported that it is .a selective poison. 
Selective poisoning occurs when small quantities of the p9ison produce desired 
effects. For example, Layng (1948) reported that low concentrations of 
hyd;rogen sulfide, introduced to the feed stream, increased the. production of 
liquid hydrocarbons and olefins over an iron catalyst promoted with potassium 
and aluminum oxide. Anderson, et aL (1963) reported an inc.rease in the 
activity of Fischer-Tropsch cataly~ts when sulfur is ini_tia1ly added. Stenger 
and Satterfield (1984) observed a similiar increase in activity on a fused 
iron catalyst with a sulfur lo~ding of 1.3 mg S/g Fe. Bighe~ loadings reverse 
theu favorable effects, eventually completely poison~ng the catalyst. 
A variety of studies on the effects of sulfur poisoning of Fischer-
Trop1cb ca tal y1ta have been conducted. However, in a recent review paper, 
llartboloaow, ot al. (1982) found that most of the experimental work done in 
tbh aru contahu oo•pl11itio1 which cloud basic understanding o·f sulfur's 
htuution with tbo 01taly1t. Bartholomew, et al. (1982) then suggest. ways 
to eliminate these problems: 
"" 
"To enable quantitative determination of rat.es of sulfur dea
ctivation, of 
extents ot sulfur deactivation at very low gas-phase sulf~r c
oncent1at1ons, of 
true dynamic equilibrium between gas-phase sulfur concen
tration and metal 
surface, and/o~ of the amount of sulfur adsorbed o~ the surfa
ce, the following 
requirements must be satisfied in the design of experimental 
apparatus: 
(1) The reactor ·must be gradientles~ with resp.ect to reactant(s) and to 
gas-phase sulfur concentration so that all parts of the ca
talyst are exposed 
to the same gas-phase sulfur concentration. Even a shallo
w bed of catalyst 
operated at very low conversion of reactant(s) is .not necessarily gradientl
ess 
with .respect to sulfur because of the ·very strong, nonunif
orm. ad·sorption of 
sulfur on metals. 
(2) All ·sur·face metal atoms must be exposed to the same gas-phase 
concentrations of sulfur-containing compound and reactants.
 Because of the 
very strong adsorption of sulfur, metal atoms at a short 
dista.nce into the 
pore of a porous catalyst will not experience the same conc
entration of sulfur 
as the metal a toms near the pore mouth or on the exteri
or surface of. the 
catalyst. 
(3) The reactor should neither adsorb nor desorb sulfur in quantities 
which are significant -compared to adsorption on the cataly
st nor in suc_h a 
manner as to decrease or increase tl,le gas-phase concentration
. 
(4) The feed-gas composition must be carefully controlled and gas-phase 
·-~..,:;:-f.;:;.-,c .. ;;. .•. 
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sulfur compound concentrations as low as 10 ppb or less must be reproducibly 
prepared. 
(5) On-1.ine analytical instruments must be capable of quantitatively 
measuring gas-phase sulfur concentrations as low as 5 ppb and of 
quantitatively measuring reactants and products for the reaction under study 
. . . ' II for a broad rang~ of concentrations.· 
One· example of an experimental design that closely fits these 
requirements is the system use by Fitzharris, Katzer arid Manogue (1982) for 
studies on a nickel methanation catalyst. A continuous-flow stirred-tank 
reactor (CSTR) and catalrst prepared on a nonporous supp·ort were used to 
eliminate all diffusional problems. In addition, the reactor was quartz and 
all lines weze teflon or glass, to minimize sulfur interaction w~th the system 
walls. Also avajlable was a gas chromatograph for analysis of the effluent. 
Experiments were conducted by using a feed of hydrogen, carbon monoxide 
and hydrogen sulfide. The behavior of the system was monitored by at1alysis of 
the efflue.nt. Both transient and steady-state conditions were observed .. For 
each feed stream concentration of hydrogen sulfide studied, the activity 
changed until it finally leveled out at some activity lower than the initial 
catalyst act-ivity. This leveled-off activity indicated the equilibrium state 
of the sy·stem for that partictihr feed stream sulfur concentration. The 
equilibrium ·activity was fou~d to decrease with increase in hydrogen sulfide 
feed concentration. Also, if the hydrogen sulfide concentration in the feed 
was lowered after an equilibrium state was achieved, the activity increased 
;t again. This implies that the catalyst could be reg·enera.ted. 
' 
','! 
•'I 
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It is suggested that reaction studies like those of Fitzharris, et al. 
(1982) be conducted on an alkali promoted iron catalyst, in conjunction with 
Auger electron spectroscopy (AES) analysis o"f the -eatalyst surface. Such a 
study would all6w direct correlation between changes in activity/selectivity 
and .location of the poison on th~ catalyst. 
B. Experimental 
1. System Design 
. . 
A system such as that used by Fitzharris, et al. (1982) is recommended. 
The :reactor is an all-glass internal recy·cle reactor (Fitzharris and Katzer, 
1978), as illustrated in Figure 5. A heavy-wall resin kettle, with a ground 
1lass flange for closure, serv~s as the reactor body. An 0-ring fits between 
the flange and kettle, ensuring an air-tight seal. At the bottom center of 
the kettle is a cage, in which sits a magnetically driven impeller. The 
catalyst can either be placed. iil a glass ba·sket to rest on top of ·the cage,· or 
rest freely on top of the cage. Inlet and outlet tub~s eitend into the kettle 
and are positioned so as to allow maximum mixing. A thermocouple also extends 
into the kettle and can be moved vertically to measure temperature at various 
positions. 
The reactor is placed in a heating mantle and is insulated with Cerafelt 
insulation. Thermocouples are located. at three points between the reactor and 
mantle. The temperature. at these locations must be within a few degrees of 
each other, to ensure that no temperature gradients exist within the reactor. 
:1 The entire unit rests on a strong magnetic stirring ·unit. 
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This type of reactor is excellent for sulfur poisoning reaction studies. 
First, it is a CSTR and therefore no concentration gradient~ exist within the 
reactor. This has been illustrated in mixing studi~ performed by Fitzharris 
and Katzer (1978). Second, since it is made of glass, the walls of the 
reactor do not interact with the contents of the reactor, as is often the case 
when metal reactors are used. One drawback, however, is that the reactor 
cannot withstand high pressures. Therefore, it is suggested that the reactor 
be made .of glass-lined steel, instead of glass alone, Tubing in the system 
will similiarly be _glass-line·d steel. Such equipment can be obtained from 
Autoclave Engineers· and Scientific Glass Engineers. 
All r~actor feed gase~ must be ~ltra high purity grade to ensure accurate 
concentrations and eliminate problems caused by impurities. Flowrates must 
likewise be strictly mah,.ta ined through the use of flow controllers. This i.s 
especially cruci~l when dealing with the sulfur streams, since concentrations 
as low as lO ppb are necessary. 
Effluent from the reactor i~ analysed with an on-line gas ch~omatograph 
that utilizes flame ionization, flame photometry, and ther~al conductivity 
detection. Fitzharris, et al. (1982) report accurate analysis of hydrogen 
sulfide concentiations to a detectability limit of (4ppb using a deactivated 
silica gel column and f_lame photometric detector. 
2. Catalyst 
In order to eliminate diffusion effects thr6ugh catalyst pores, ~ 
nonporous catalyst must be used. Fitzharris, et ill. (1982) describe a nwnber 
of supported and unsupported nonporous nickel catalysts, one of which consists 
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of nickel impregnated onto nonporous 
fused alpha alumina. It is suggested 
that this typ~ of catalyst be used,
 except. that iron and potassium are
 
impregnated on the aluminum oxide, rath
·er than nickel. To achieve this, the 
alpha alumina plates are first pretre
ated at· 1273K in flowing hydrogen for
 
eight hours and then in flowing oxygen
 for· an additional eight hours. Next, 
the plates are dipped into an aqueous 
s.olution of iron nitrate and potassium 
nitrate, The weight ratio of K:Fe is a
bout .025. Ultra high purity chemicals 
and deionized distilled water are use
d in catalyst preparation to minimize
 
impurities. Fitzharris, e-t al. (1982) sugges
t storing the catalyst in air-
tight bottles via a glove bag. Fail
ur.e to do this may cause significant 
sulfur adsorption from the a tmqsphere. 
3. Poisons 
In reaction studies by ~tenger and Sa
tterfield (1984), hyd_rogen sulfide 
in synthesis· gas was fed to a cataly
st and a 6~ increase in activity was 
observed at a sulfur loading of 1.3 mg 
S/g Fe. However, when a similiar trial
 
was conducted, adding sulfur as diben
zothiophene (DBT) rather than hydrogen 
sulfide, an incre.ase in activity was no
t observed. In addition, the presence 
of DBT decreased the production of meth
ane and increased the olefin: paraffin 
ratio of th~ product, indicating t
hat it decteased the hydrogenation 
capability of the catalyst. Hydrogen 
sulfide did not produce this change in 
selectivity. These observations s
uggest that the form in which sulfur
 is 
present changes its reactivity with th
e catalyst surface. Theref9re, studies
 
will be conducted using both hydrog
en sulfide and an organic compound, 
thiophene, as sources of sulfur. Thiop
hene has been chosen ove.r other organic 
compounds, suc;:h as DBT, because -it is
 a liqufd at room temperature and can
 
• 
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easily be vaporized and added to the feed. 
4. Procedure .:r• 
Sulfur affects, both· activity and selectivity, as discussed in the 
introduction of this section.. Therefore., studies that focus on selectivity a~ 
well as activity must be conducted. Also, in a review paper, Madon and :Shaw 
(1977) cite work on iron catalysts that suggests· the activity of the catalyst 
is dependent on the type of iron present. Conseque~tly, itudies ~houl~ 
include variables in the form of iron present. One way to achieve this is to 
vary the sequence in which reactants and poison are added to the system. For 
instance, if sulfur is added to a freshly reduced catalyst, the iron is 
primarily metallic iron. Ori th:e other hand, if synthesis gas is first allowed 
to pass over the catalyst, iron carbide will be a major surface iron compound 
present. 
In addition to studying these factors, a range ~f sulfur concentrations 
must be observed. Since selective poisonii:ig occurs at very low sulfur 
loadings, concentration of sulfur in the feed should be as lnw as 10 ppb. and 
be increased to 100 ppb, or until the catalyst becomes completely poiso,ned • 
Two sets of :reactions are recommended for study. An outline of the· 
experimental plan is given in ·Figur'e 6. In the first set, the basic Fischer-
Tropsch reaction is observed. The synthesis gas feed has a ratio of .7 
hydrogen : carbon monoxide and the c1 to c5 products are analysed using an on-
line gas chromatograph with a flame ionization dete·ctor. Three variations are 
to be studied: 1) synthesis gas and poison are added ~imultaneously; 2) the 
system is brought to equilibrium using pure synthesis gas, followed by a set 
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concentration of poison, then more synthesis gas, etc.~ and 3) ~ set 
concentration of poison is introduced, followed by synthesis gas, then poison, 
etc. 
Since sulfur affects selectivity of Fischer-Tropsch catalysts (Stenger 
and Satterfield; 1984; Layng·, 1948) ,. the second set of experimen:ts will deal 
with a reaction system in which both isomerizatio~ and hydrogenation ~eattioris 
can be monitored. This wql be achieved by using a feed of 1-butene and 
hydrogen. lsometization reactions will convert 1-butene into 2-butenes (cis 
and trans) whereas .hydrogen will react with butene to form butane via 
hydrogens tion. By monitoring the quantity of 1-butene, 2-butene, and butane 
in the effluent, the affect of sulfur on selectivity of hydrogenation and 
isomerization can be determined. Th.ese are important reac.tions since they 
occur readily over iron catalysts, and a~e undesired secondary reaction·s in 
Fischer-Tropsch synthesis, Four sequences are suggested: 1) the model reaction 
is run first, followed by a set concentration of poison, then the model 
reaction again, etc.; 2) a set concentration of poison is added, followed by 
the model re.action, then more poison, etc.; 3) synthesis gas and poison are 
added first, followed by the model reaction, then back to synthesis gas and 
poison, etc.; and 4) synthesis gas is added first, then poison, then the model 
reaction, then back to synthesis gas, etc, Trials ·3 and 4 in this set use 
synthesis gas as well as the model reactlon in order to try and simulate 
Fischer-Tropsch surface conditions on the catalyst. The ef feet s that sulfur 
has on the selectivity of the fuodel rea~tio~ can then be more easily 
correlated to actual Fischer'""Tropsch operation condi~ions. 
In both sets of experiments, the catalyst is first reduced wHh hydrogen. 
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During each step in the reaction studies, the experiment is allowed to run 
until an equilibrium state is reached, as incLi~ated by a leveling out of the 
activity/ selectivity ( ie., no change in -product qnntity or concentration). 
The initial concentration of po·ison added is 10 ppb. 
In the next step in 
which poison is added, the concentration is increased to, say, 30 ppb, a~d so 
on, until the catalyst becomes completely poisone·d. Each run is expected to 
take about two ·to three days. All runs will be conducted twice·, once using 
hydrogen sulfide as the poison, and once using thiophene. Upon c()mpletion .of 
a trial, the catalyst is analysed using AES. 
This will allow direct 
correlation of activity/selectivity with location of sulfur on the various 
surface sites. AES analysis of the catalyst surface may be obscured by waxy 
and carbonaceous deposits on the ~atalyst. These must first be extracted off. 
If the surface is still covered with carbon, it may be necessary to conduct 
additional trials that use feed synthesis gas with a ratio of 10 hydrogen : 
carbon monoxide. 
This ratio will. favor formation of lighter hydrocarbons, 
eliminating the build-up of waxes on tl).e catalyst surface, and reducing the 
decomposition of carbon monoxide to elemental carbon. 
5. Budget 
The following is an estimate of the· cost of this project: 
1. 1 graduate student(for 2 yrs.) ..• , •• i,,, ••••••••••• $48,350. 
2. 2 months/yr faculty (for 2 yrs.) .................... 31,550 
3. catalyst preparation chemicals ••.•.••..••...••...•.•...•• 600 
4. gases ••••••••••.•••••...•••••••..••••••••..•..•.•.... . 4,000 
5. reactor ••• ~ •••• ·• •.•.••.•••••.•.•.••••.••.•.•.•....•.. 7,000 
6. lines, valves, etc ••••••••. ·,,,i.,, ............ · ........... 500 
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7. flow controllers •••••••• ~ ••• ~ •••..•••••••••• ; •••••••• 1,000 
8. furnace for catalyst pre·paration ••••••••• · •••••••••••• 1,000 
9. gas chromatograph (p.urchased) •.••••••••••••••• ':: •••• 30, 000 
10. gas chromatograph supplies •••••••...••••••••••••.•... 4,000 
11. equip./time share cost of AES (ava·ilable at Lehigh) .. 2,000 
Total .•.••.••.••••••••.•..••.•••••••.•.•..••••••••.•.... $130., 000 
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Appendix 1: Experimental Procedures 
A. Preparation of the Catalyst 
The procedure that follows is based on the method descdbed by Arakawa 
and Bell (1983): 
1. Weigh out 1.44,68g of ferric nitrate, hydrated, .776g potassium 
nitrate, and 79.70g aluminum oxide. 
2. Add distilled water to the ferric nitrate and potassium nitrate 
until all dissolves. 
3. Mix in the aluminum oxide, 
4. Gradually heat the mixture to about 120C. in a hood, while stirring 
constantly. During this time the liquid will evaporate and a moist 
solid will remain. 
5. Dry in an oven for 12 hrs. at 260C. 
6. Sieve using a 60 mesh (250 microns) sieve plate. 
7. Heat slowly ·to 350C. 
8. Maintain the heat at 350C for 12 hrs. (Note: The furnace used was 
difficult to set to the proper temperature so it first overshot to 
500C and then came back down. abd-was maintained at 350C for the 12 
hr. duration. This is aJso the reason for the 260C in step 5 
rather than the 120C as used by Arakawa and Bell.) 
B. Reduction and Poisoning of the C~taly•t 
Note: See Fig_ure 1 for location of the valves numbered below. 
1. Fill the microreaitor with cataly~t. 
2. Connect the :r;eactor ·and hydrogen gas cylinder to the system, making 
sure all fittings ire tight. 
3. Close valves 12 and 5. Open valves 9 and 3. 
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4. Let hydrogen flow into the system, se~ting_ the head pressure at 50 
psig. so that th~ whole system will be at 5.0 psig. 
5. Check all lines for leaks. 
6. If there are leaks, sltut off the gas flow, open valve 5 to 
depressurize the system, and tighten all leaking fittings. 
7. Repeat steps 3-6 ~nti~ no leak- remain. 
8. Open valve 12 and close valves 5 and 14. 
9. Set gas regulator ~ead pressure to 40 psig. 
10. Set rotameter using valve 3 so that the black ball reads about 80 
and the silver ball reads about 20. 
11. Check flQw rate using the soap film bubble flow meter. Flow should 
be between 40 and 50 cc/min. If it isn't, adjust the flow using 
valve 3 and check the flow rate agai~. 
12. Set furnace dial to "low" and power regulator to 60. 
13. When the temperature reaches about 370C, start lowering the power 
regulator setting. 
14. The desired reduction temperature is 400C. When. the reactor 
reaches this, start timirig the reduction. Also, the power 
regulator should now be set to about 35 to maintain the temperature 
at 400C. 
15. Periodically check the system to s·ee that the ·proper flow rate, 
temperature, and pressure are maintained. Make any adjustments ( 
necessary. 
16. When the desired reduction time i~ r·eached, close valves 12 and 9, 
open valve 5 and shut off the main gas flow. Also turn off the 
furnace. 
17. Let the reactor cool to room .temperat.ure (or to the poisoning 
temperature if this will follow). 
18. If not poisoning, skip to step 30. 
19. Change the gas cylinder to 2% hydrogen sulfide. in hydrogen. 
20. Turn the furnace ~n and bring the-reactor to 250C. 
21. Close valves 9 and _14 and open valve 5. 
22. Set head pressure to 20 psig. 
23. Set the rotameter so that the black ball reads about 20 using valve· 
3. 
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24. Rapidly shut valve :5, open valves .9 and 12 and simultaneously begin 
timing. 
25. Take periodic 
2SOC. 
flow readings and mainta·in system temperature at 
-I' 
26. Wh~n desired poisoning time is reached, close valves 9 and 12 and 
open valve 5. 
27. Shut off ma in gas flow. 
28. Shut off furnace. 
29. Let cool to room temperature. 
30. Remove reacto·r at the quick conp.ects. (Be sure valves 9 and 12 are 
closed.) 
31. Place the reactor, wrenches, a vice ,. spatula, and a vial with a 
screw-top in a glove bag. Fill the g·lovebag with argon and 
transfer the catilyst to the vial. 
C. Analysis of the Cat'alyst 
Preparation of the catal_yst for Auger electron spectroscopy (AES) was 
accomplished unde~ a nitrogen atmosphere as follows: 
1. Attach a glove bag to a port hole of the AES sample chamber and 
seal off the port. 
2. Screw special sample holders onto the carro·usel. These holders 
allow the sample to be slipped into place on the carrousel, rather 
than having to screw the sample in place on the carrousel. 
3. Close off the sample chamber. 
.;..5 
4. Bring the system down to a low vacuum (about 10 Torr). 
5. Bring the system back up to 1 atm. by filling with nitrogeri~ 
6. Place airtight sample vials (containing the samples),· indium foil 
squares, tweei~rs, rubber mallot, and wrenches in the glove bag. 
7. Fill the glove bag with nitrogen. 
8. Open the port. 
. -__: ____ ._. -----.'..:..4••··' 
42 
9. Place a small amount of catalyst on an indium foil square, cover 
with artother square, and press together, using the rubber mallot. 
(Note: The indium should have been· previously cleaned with 
trichlotoethylene and ethyl alcohol, for a few minutes each.) 
,.,.. 
10. Peel the foil pieces apart. The catalyst should now be pre~sed 
into the foil. 
11. Carefully slip the fo'il into a sample holder using the tweezers. 
12. Repeat for each. samp'le. 
13. When all the samples are done, close the port. 
14. Bring the system down to vacuum (l0-;9 Torr) and begin AES ana-lysis. 
l 
l 
l 
l 
I 
i 
' ;, . ',. ,~ 
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Appendix 2: Calcu1a t ions 
Relative atomic concentration of the elements found on an Auger electro"n 
spectrum can be. calculated by applying the equation: 
C -X 
where 
~ 1, I. / S.d. 1 ~. 1 
= concentration of x 
= peak-to-peak amplitude of x 
= relative sens.itivi~y between x and silver 
= a scale factor dependent upon the modulation 
energy, pri_mary beam current, and lock-in 
amplifier sensitivity 
Since the concentrations calculated are only relative to the other 
I elements found on that s~ectrum, the scale factor, .dx , is the same for each 
! 
element and therefore cancels out of the equation. The equation then becomes: 
ex=------
2:1 I· Is. 1 1 
These equations were obtained from the Handbook of Auger Electron 
~pectr~scopy (1976), as were the sensitivity factors, Sx • 
